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iA  STATISTICAL  TROPICAL CYCLONE  MOTION FORECASTING  SYSTEM
FOR THE GULF OF MEXICO
Robert  T.  Merrill  1  2
National  Hurricane  Center'
Coral  Gables,  Florida  33146
ABSTRACT.  The  development  of  a  statistical  (clima-
tology  and  persistence)  model  for  the  prediction  of
tropical  cyclone  motion  over  the  southwestern  Gulf  of
Mexico  is  described.  The  system  complements  an  exis-
ting  statistical  model  (CLIPER  -CLImatology  and  PER-
sistence),  which  is  currently  in  operation  at  the
National  Hurricane  Center  but  which  does  not  perform
well  over  this  region  of  the  Gulf.
Because  of  the  small  size  of  the  region  and  the  high
dissipation  rate  of  cyclones  making  landfall  in  Mex-
ico,  problems  relating  to  the  changing  statistical
properties  of  the  developmental  data  arise.  Three
different  sets  of  developmental  data  and  their  advan-
tages  and  disadvantages  are  discussed.
The  final  operational  version  of  this  system  is  based
on  a  data  set  in  which  the  tracks  of  tropical  cyclones
dissipating  within  36-72  h  are  linearly  extrapolated
to  overcome  a  bias  against  forecasts  of  westward
motion  present  in  CLIPER.  The  study  concludes  with
examples  of  forecasts  produced  by  the  system.
1.
INTRODUCTION
Despite  the  introduction  of  more  sophisticated  techniques,  tropical  cy-
clone  motion  prediction  models  based  only  on  climatology  and  persistence
are  still  widely  used  in  the  world's  tropical  cyclone  basins.  Particular-
ly  at  short  time  periods  of  36  h  and  less,  persistence  and  climatology
account  for  a  large  percentage  of  the  total  variance  explained  by  any  sta-
tistical  tropical  cyclone  forecast  model  (Neumann  and  Lawrence  1975;
i  Neumann and  Hope  1972).  Climatology  and  persistence  models  are  of  two
\ main  types--analog  and  statistical.  Analog  models  scan  a  data  file  con-
"taining  all  known  tracks  of  tropical  cyclones  in  a  given  basin,  selecting
r'as  analogs  those  with  motion,  location,  and  date  of  occurrence  similar  to
that  of  the  cyclone  to  be  forecast.  These  analogs  are  then  combined  to
: produce  the  forecast  track.
lC~rre~t  ~filiation:  Department  of  Atmospheric  Science,  Colorado  State
::  University.
\2
Study  partially  supported  by  NOAA/ERL-AOML-National  Hurricane  Research~. 
Laboratory  (NHRL).Statistical  models  consist  of  pairs  of  regression  equations  for  prediction
of  zonal  and  meridional  displacements  of  the  cyclone  center  for  forecast
intervals  12  through  72  h  in  l2-h  increments.  The  first  statistical  clima-  ;
tology  and  persisten~e  model,  CLIPER  (CLImatology-PERsistence),  became  oper-'
ational  in  the  Atlantic  basin  in  1972  (Neumann 1972).  CLIPER  predicts  zonal
and  meridional  displacements  at  l2-h  intervals  through  72  h,  using  as  pre-  i
dictors  the  day  number,  latitude,  longitude,  current  meridional  and  zonal  ;j
motion,  meridional  and  zonal  motion  12  h  before  forecast  time  and  maximum  "1
wind  of  the  cyclone.  Similar  CLIPER-type  models  have  been  developed  for  the
eastern  North  Pacific  Ocean  (Neumann  and  Leftwich  1977),  the  southwest  Indian
Ocean  (Neumann  and  Randrianarison  1976),  and  the  north  Indian  Ocean  (Neumann
and  MandaI  1978).
Although  CLIPER  equals  or  outperforms  synoptic  and  dynamic  models  at
short  ranges  and  at  southern  latitudes  within  the  Atlantic  basin,  seven
seasons  of  operational  use  have  revealed  some  deficiencies  as well.  CLIPER
forecasts  for  tropical  cyclones  in  the  Gulf  of  Mexico,  especially  those
with  initial  motion  to  the  west  or  northwest,  tend  to  curve  sharply  to  the
right~  giving  the  model  a  bias  to  the  north.  The  work  presented  in  this
paper  is  a  resu~t  of  efforts  to  reduce  or  eliminate  this  bias  and  increase
forecaster  confidence  in  the  model  over  the  Gulf  of  Mexico.
The  immediate  cause  of  the  bias  is  apparent  from  the  map  of  mean  tropical
cyclone  motion  vectors  in  Figure  1.  Over  the  large  area  of  the  Atlantic
basin  northwest  of  the  dashed  line,  the  mean  motion  vectors  show  a  gradual
veering  from  the  northwest  through  northeast  with  increasing  latitude.  The
"typical"  track  in  this  area  is  a  broad  parabola  described  as  the  cyclones
recurve  around  the  edge  of  the  subtropical  ridge  into  the  westerlies.
Southwest  of  the  dashed  line,  in  the  southwest  Gulf  of  Mexico  and  northwest
Caribbean  Sea,  cyclone  motion  is  best  approximated  by  a  straight  line  or
even  a  slightly  leftward-curving  one,  especially  during  July  and  August.
One  solution  to  this  bias  against  westward-moving  forecast  tracks  in
CLIPER  is  to  redeve~op  the  regression  equations  using  a  data  set  incorporat-
ing  only  those  cases  located  in  a  region  of  straight  or  left-curving  mean
tracks.  Unfortunately,  the  sample  size  available  for  the  longer-range
prediction  equations  decreases  sharply  as  the  cyclones  move  inland  and
dissipate.  This  dissipation  is  not  random  but,  rather,  is  most  likely  for
westward-moving  cyclones  carried  into  the  mountains  of  Mexico.  Cyclones
with  a  more  northerly  track  into  the  United  States  are  usually  carefully
tracked  and  may  persist  for  days  over  the  relatively  smooth  terrain.  This
paper  describes  possible  methods  to  compensate  for  this  bias  by  manipulation
of  the  developmental  data.  Three  sets  of  developmental  data  and  the  perform-
ance  characteristics  of  the  resulting  forecast  equations  presented  are  dis-
cussed.
2. DEVELOPMENTAL  DATA  CONSIDERATIONS
Three  developmental  data  sets  were  considered  for  use  in  developing  the
CLIPER-GULF  motion  prediction  equations  for  the  western  Gulf  of  Mexico,  To
obtain  the  stratification  desired,  all  cases  to  the  northeast  of  the  dashed
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Figure  1.  Mean motion  vectors  (resultant  speeds  and directions)  for  the
period  1  May through  30  November for  tropical  cyclones  with  winds  greater
tr~n  34 knots.  The dashed  line  is  the  boundary  of  the  CLIPER-GULF  stra-
tification  region.
line  in  Figure  1  were  immediately  rejected.  The  different  developmental  data
sets  were  then  specified  as  subsets  of  this  restricted  set  of  cases  from
1886-1979.  In  addition,  10  storms,  selected  at  random,  were  removed for  use
as  independent  data.  The homogeneous  (HaM) data  set  uses  only  those  cases
for  which  at  least  72  h  of  future  displacements  exist.  Because motion  12 h
before  forecast  time  is  included  as  a predictor  in  CLIPER and was to  be  in-
cluded  in  CLIPER-GULF as  well,  any  tropical  cyclone  with  less  than  84 h
(3  1/2  days)  of  best-track  positions  is  automatically  excluded,  as  are  cases
in  which  dissipation  occurs  within  72 h.  The non-homogeneous  (NHOM)  data  !
set  uses  all  available  cases  at  each  prediction  time,  12  through  72 h.  In  I
this  set  (made up  of  6  subsets,  corresponding  to  the  6  forecast  times),  the
number  of  cases  and  the  statistical  attributes  of  the  predictors  and  predic-
tands  change  with  increasing  forecast  time.  The  third  data  set,  extrapolated
non-homogeneous  (ENH),  consists  of  the  NHOM  set  for  the  12,24  and  36 h
forecast  equations,  with  linearly  extrapolated  displacements  through  72  hI
for  cyclones  which  persist  longer  than  36  but  less  than  72 h.  These  three
developmental  data  sets  are  discussed  in  more  detail  below.
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A.  Homogeneous  Data  Set  ~
'.t
The  characteristics  of  the  homogeneous  (HOM)  data  set  are  shown  in  Table
1.  A  homogeneous  data  set  is  used  in  CLIPER  and  in  the  statistical  clima-  ~l
to  logy-persistence  model  for  the  southwest  Indian  Ocean  (Neumann  and  Ran-,
drianarison  1976).  The  advantages  of  using  a  homogeneous  data  set  are:  (1)  the  sample  means  and  standard  deviations  are  constant  for  all  predictors
and  predictands,  resulting  in  smooth  and  "reasonable"  forecast  tracks,  and
(2)  the  constant  statistical  properties  of  the  developmental  data  render
the  regression  and  screening  process  more  efficient  since  the  covariance;
matrix  need  only  be  computed  once.  The  main  disadvantage  of  the  HOM  data  )~
set  is  an  inherent  bias  towards  the  longer  duration  tropical  cyclones.  i
This  bias  becomes  critical  over  a  small,  landlocked  area  such  as  the  Gulf'
of  Mexico  because  of  the  high  number  of  dissipating  cases  and  short  tracks.
The  sample  size  for  the  HOM  data  set  is  reduced  by  about  40  percent  when
the  72  h  displacement  restriction  is  imposed.  Cyclones  most  likely  to  be  .1
included  in  the  sample  are  those  moving  slowly  or  on  a  northerly  course  ~i  I
and  failing  to  strike  the  mountains  of  Mexico  where  dissipation  is  rapid
and  almost  certain.  Figure  2  shows  the  total  dissipation  for  2.5  degrees
latitude-longitude  areas  over  the  Gulf  of  Mexico  region  from  best-track
data,  1886-1979.  ~
.;
Table  1.  Charac~eristics  of  the  homogeneous  (HOM) developmenta~  data  i
se~  for  the  CLIPER-GULF  s~ratifica~ion  region.  All  ve1oci~ies  and  ~
disp1acemen~s  are  given  in  k~  and  nmi  respec~ive1y,  with  north  and  c
eas~  considered  positive.
.. ,  ."
, QUANTITY  SYMBOL  ~  STD.  DEVIATION  '
Day  Number  PI  249.1  46.4
Initial  Latitude  P2  20.3  4.3
Initial  Longitude  P3  87.2  4.9
Current  Meridional  Speed  P4  4.6  3.5
Current  Zonal  Speed  P5  -3.5  4.6
12  h  Past  Meridional  Speed  P6  4.2  3.4
12  h  Past  Zonal  Speed  P7  -4.2  4.6
Maximum  Wind  P36  57.3  23.7
12  h  Meridional  Displacement  DY12  56.7  42.5
24  h  Meridional  Displacement  DY24  117.3  83.1
36  h  Meridional  Displacement  DY36  181.3  122.9
48  h  Meridional  Displacement  DY48  248.2  162.4
60  h  Meridional  Displacement  DY60  318.0  202.8
72  h  Meridional  Displacement  DY72  391.0  247.0
12  h  Zonal  Displacement  DX12  -36.4  55.9
24  h  Zonal  Displacement  DX24  -62.1  113.1
36  h  Zonal  Displacement  DX36  -76.5  173.4
48  h  Zonal  Displacement  DX48  -80.0  238.7
60  h  Zonal  Displacement  DX60  -71.9  309.0
72  h  Zonal  Displacement  DX72  -53.5  386.5
Number  of  Cases  N  1797
-4-
-~---"""""'!"  """
;/1{
!:Jlf
~'1-
"
1i-  ~- ,.  -
'. ,
.':it~~  '.:0:  :  0:  : : ::  ::
;iti!~ """ c:~  2"  ..."  ..
~o  ."  ."  ".
r;'!i'  -700
;1;~~:
III' '"Ii
"'ii"
f .'~  ~ ~  ".
:j,t"  ."  -"  '. ':~  :
'.;,
?~~gure 2.  Number  of  tropical  cyclone  dissipations  or  best-track  endpoints
:,1er 2.5  degree  latitude-longitude  regions  for  the  period  1886-1979.
; c,
~;  B.  Non-Homogeneous  Data  Set
C
The  characteristics  of  the  non-hom~geneous  (NHOM) data  set  are  given  in
fable  2.  As  stated  earlier,  this  se~  is  actually  6  sets,  each  composed  of '.  .
"~ases with  displacements  through  the  corresponding  forecast  time,  12-72  h.
Ion-homogeneous  data  sets  are  used  for  CLIPER-type  systems  for  the  eastern
forth  Pacific  (Neumann  and  Leftwich  -1977)  and  north  Indian  Ocean  (Neumann
md  MandaI  1978)  tropical  cyclone  basins.  Note  that.  with  increasing
:orecast  time,  the  mean  motion  becomes  slower  and  more  northerly  and  the
1ean  initial  location  shifts  southeastward.  The  primary  advantage  of  a
'.IHOM data  set  is  optimized  "point  verification"  (minimum  root  mean  square
~rror)  and  zero  bias  for  the  developmental  data  as  all  possible  cases  are
.1sed.
~able  2.  Same as  Table  1  except  for  the  non-homogeneous  (NHOM) developmental
!aca  set  for  CLIPER-GULF.
--- -
HEAIIS  FOR  FORECAST  PERIOD  OF LENGTH  STANDARD DEVIATIONS  FOR  FORECAST  PERIOD  or
~  ~R.!!.liJ!.~~~~!L!!.~1!J!.~~~
Day a-ber  P1  248.3  248.5  248.6  248.7  248.9  249.1  43.4  43.8  44.2  44.8  45.5  46.4
Initia11.4tltude  P2  21.5  21.3  21.2  20.9  20.6  20.3  4.7  4.6  4.6  4.5  4.4  4.3
Initial  Longitude  P3  89.2  88.7  88.3  87.9  87.5  87.2  5.3  5.1  5.0  4.9  4.9  4.9
Current Meridional  Speed  P4  4.0  4.2  4.3  4.4  4.5  4.6  4.1  4.0  3.9  3.8  3.6  3.5
Current Zonal Speed  P5  -4.6  -4.4  -4.2  -3.9  -3.7  -3.5  5.1  5.0  5.0  4.9  4.7  4.6
12 h Pa.t  Meridional  Speed  P6  3.8  3.9  4.0  4.1  4.2  4.2  3.8  3.7  ].6  3.6  3.5  3.4
'12  h Pa.t  Zon.1 Speed  P7  -5.2  -5.0  -4.8  -4.6  -4.4  -4.2  4.9  4.9  4.9  4.8  4.7  4.6
IIaxt...  Wind  P36  57..7  58.7  59.0  58.8  58.2  57.3  24.1  24.4  24.6  24.5  24.2  23.7
12  h Meridional  Di.p1acement  DY12  48.6  51.5  53.9  55.1  56.1  56.7  52.7  50.0  48.2  46.4  44.2  42.5
14  h K.ridiona1  Oi.p1ace_nt  OY24  -105.3  110.7  113.9  116.0  117.3  102.0  97.0  92.4  87.3  83.1
36  h Meridional  0i.placement  DY36  169.7  175.5  179.3  181.3  148.0  139.0  130.2  122.9
48  h Meridional  0i.place8ent  OY48  239.2  245.1  248.2  188.8  173.3  162.4
60  h Meridional  0i.p1ace8ent  OY60  313.6  318.0  219.2  202.8
72  h  Keridiona1  Di.p1ace8ent  DY72  391.0  247.0
12  h  Zonal  Di.place8ent  DX12  -50.5  -47.9  -45.1  -42.1  -39.4  -]6.4  63.5  62.4  61.6  60.1  57.9  55.9
24  h Zonal  Oi.p1ace8ent  0124  ---85.6  -79.8  -73.8  -68.1  -62.1  -128.2  125.7  122.3  117.5  113.1
36  h  Zonal  Di.p1ace8ent  DI36  103.5  -94.6  -86.0  -76.5  195.8  188.9  180.6  173.4
48  h  Zonal  Di.p1aceeent  0148  104.4  -92.6  -80.0  262.4  249.2  238.7
60  h Zon.1  Di.plac_nt  0160  88.D  -71.9  324.3  ]08.9
72  h Zonal  Di.p1ac_nt  0172  53.5  ]86.5
~r  of Cue.  II  3246  2940  2638  2337  2048  1797~
--
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,  ."  .C"""  -"~~--Difficulty  arises?  however  1 when  a  NHOM set  is  us'ed  in  a  basin  such  as
the  Gulf  of  Mexico  where  many  dissipations  occur  and  the  statistical  attri-
butes  of  the  sample  vary  with  changing  forec~st  time.  As  the  forecast
period  lengthens,  the  bias  resulting  from  dissipations  becomes  more  pro-
nounced  and,  at  72  h,  the  NHOM  and  HOM sets  are  identical.  The  result  is  an
acceleration  in  the  forecast  tracks  in  the  direction  of  the  mean  track  fa-
vored  by  the  dissipation-induced  bias,  which,  in  the  Gulf  of  Mexico,  is  a
northward-moving  track.  In  extreme  cases,  the  forecast  track  may  actually
double  back  on  itself.  Figure  3  shows  two  forecasts  for  Hurricane  Anita  of
1977,  using  HOM  and  NHOM-based equations.  Although  the  NHOM  track  actually
verifies  better,  the  spurious  "kink"  in  the  track  would  likely  result  in  the
track  being  disregarded  by  the  operational  forecaster.  The  necessity  of
providing  the  forecaster  with  a  "believable"  track  is  discussed  by  Neumann
(1972)  and  Neumann  and  Mandal  (1978)  in  connection  with  retention  of  insig-
nificant  predictors.  It  is  felt  that  the  same'reasoning  also  applies  here.
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Figure  3.  CLIPER-GULF  forecasts  for  Hurricane  Anita  of  1977  using  equations
based  on  HOM (triangles)  and  NHOM (squares)  developmental  data  sets.  The
circles  are  best-track  positions  at  12  h  intervals.
-6-c Extrapolated  Non-Homogeneous  Data  Set
The  extrapolated'  non-homogeneous  (ENH)  data  set  represents  an  effort  to  re-
tain  the  optimized  verification  properties  of  the  NHOM  data,  particularly  at
short  range,  while  at  the  same  time  reducing  the  dissipation-induced  bias
and  providing  a  realistic  forecast  track.  For  the  first  36  h,  this  set  con-
sists  of  the  NHOM  data.  Beyond  36  h,  the  observed  displacements  are  used
if  available.  If  not,  the  remaining  displacements  at  48,  60  and  72  hare
computed  by  linear  extrapolation  of  the  cyclone  motion  during  the  12  h  pre-
ceding  the  final  position  available.  An  example  of  this  linear  track  extra-
polation  is  shown  in  Figure  4,  and  the  statistical  properties  of  the  ENH data
set  are  presented  in  Table  3.
The  justification  for  the  use  of  these  linearly  extrapolated  tracks  is
based  on  two  main  premises.  First,  tropical  cyclone  best  tracks  are  some-
times  terminated  due  to  lack  of  either  data  or  operational  need  even  though
an  identifiable  circulation  exists.  Such  situations  arise  over  mainland
China  (Jarrell  and  Wagoner  1973)  and  along  the  Mexican  Gulf  coast,  although
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Figure  4.  Example  of  linear  track  extrapolation  procedure  used  in  preparing
ENH data  set.  The  circles  are  available  best-track  positions  and  the  squares
.c
are  extrapolated  positions  computed  using  the  observed  displacement  from
~6  to  48  h.  Prcpert'j  cf
'I- I ,  -7-  NOAA Coral  Gab!es  Ubrarj
," Gal..l~ s O~ e. ow ~r -!  L  oj  .~
~.  1320  South  Dixie  Highway.  Room  520
.c
,  Coral  Gabies.  Florida  33145 .not  nearly  as  often  in  the  latter  area  in  recent  years.  One possible1  but  -q'
very  time-consuming1  solution  is  a. review  of  the  records  in  an  attempt  to
extend  the  best  tracks  for  some  of  the  cases.  Another  justification  for
track  extrapolation  arises  because  statistical  models  are  inherently  unable-,.
to  predict  dissipation.  A  discrete  region  with  a  high  incidence  of  dissipa~:
tions  is  statistically  interpreted  as  an  area  into  which  tropical  cyclones;
seldom  move.  What  is  needed  for  forecasting  cyclone  motion  is  an  estimate  (
of  the  steering  influences  carrying  the  cyclone  into  such  an  area--the  I
question  of  whether  or  not  the  cyclone  survived  the  journey  is  irrelevant  ;~
as  far  as  motion  prediction  is  concerned.  Track  extrapolation  is  an  effort  ,31
to  represent  the  steering  influence  predominating  in  an  individual  case1  ';,:ti
even  though  the  cyclone  itself  may have  dissipated.  Linear  extrapolation  ,~I
is  adopted  as  a  quick  "first  guess"  and  is  also  justifiable  in  that  the  i
mean  motion  field  for  the  western  Gulf  of  Mexico  is  approximately  linear.  .I
The  advantages  of  such  a  data  set  are  optimized  point  verification  at  the  ;1
sfi~it§l  12,  2~ and 3e fl  f8f@ca§c clffies,  ana a  smooth, representative  tore-  .,;~
cast  track  beyond  36 h.  The  main  disadvantage  is  that  the  system  will  have  ~
higher  average  forecast  errors  at  48-72  h  than  HaM or  NHOM  equations  because
many  of  its  "better"  forecasts  (westward  into  a  high-dissipation  area)  will  ~
not  be  verified.  j
3. SYSTEM, DEVELOPMENT .
Using  the  Atlantic  basin  tropical  cyclone  best-track  data  file  (Jarvinen
and  Caso  1978),  seven  basic  predictors  (see  Table  4)  were  read  or  computed
for  each  tropical  cyclone  position  within  the  CLIPER-GULF  stratification
region.  In  addition  to  these  predictors,  which  have  become  almost  standard
for  CLIPER-type  models  (Neumann  and  Manda1  1978;  Neumann  and  Randrianari-
son  1976;  and  Neumann  and  Leftwich  1977),  wind  speed  of  the  cyclone  was
added  as  a  supplementary  predictor.  Means  and  standard  deviations  of  these
predictors  for  the  ENH data  set  are  listed  in  Table  3.  In  order  to  partially
account  for  nonlinear  effects  (Neumann  and  Mandal1978),  predictors  9
Table  3.  Same  as  Table  1  except  for  the  extrapolated  non-homogeneous  (ENH)
developmental  data  set  for  CLIPER-GULF.
STAIIDARD  DEYlATIOIi  FOR  FORECAST  PERIOD  OF
12  b  24 b  36 b  48  b  60 b  72 b
"4T:443-:i44:244:244:244:2
4.7  4.6  4.6  4.6  4.6  4.6
5.3  5.1  5.0  5.0  5.0  5.0
~S  lOR  POUCAST  PERIOD or  LD;TH
~  SYIIBOL  12  b  24  b  36  b  48  b  60  b  72  b
Day Number  -pr-  248:-3  248:5  248:6  248:6  248:6  248:6
-8-
..~  '.0  ).~  3.9  3.9  3.9
5.1  5.0  5.0  5.0  5.0  5.0
3.8  3.7  3.6  3.6  3.6  3.6
4.9  4.9  4.9  4.9  4.9  4.9
24.1  24.4  24.6  24.6  24.6  24.6
52.7  50.0  48.2  48.2  48.2  48.2-102.0 
97.0  97.0  97.0  97.0
-148.0  148.0  148.0  148.0
-201.7  201.7  201.7
255.5  255.5
311.2
62.4  61.6  61.6  61.6  61.6
128.2  125.7  125.7  125.7  125.7
-195.8  195.8  195.8  195.8
-.;-  273.1  273.1  273.1
---354.8  354.8
440.3
lD1t1a1  Latitude  P2  21.5  21.3  21.2  21.2  21.2  21.2
Init1a1  LOQs1tude  P3  89.2  88.1  88.3  88.3  88.3  88.3
Current Mer1d1oaa1  Speed  P4  4.0  4.2  4.3  4.3  4.3  4.3
Current  Zonal  Speed  P5  -4.6  -4.4  -4.2  -4.2  -4.2  -4.2
12  h  P..t  Iler1dioaa1  Speed  P6  3.8  3.9  4.0  4.0  4.0  4.0
12  h  Peat  ~  Speed  P7  -5.2  -5.0  -4.8  -4.8  -4.8  ,.4.8
~  W1nd  P36  57.7  58.7  59.0  59.0  59.0  59.0
12  h  Mer1dional  DUplac~t  DY12  48.6  51.5  53.9  53.'  53.'  53.'
24  h Mer1dional  Oiaplac_ot  DY24  -105.3  110.7  110.1  110.7  liO.l
36 h Mer1diona1 Diap1ac_nt  DY36  ---169.7  16'.1  169.7  169.7  -
48  h Mer1dional  Diaplac-t  1IY48  230.6  230.6  230.6
60  h Keridioaal  DUplac_t  DY60  293.6  293.6
72  h Ker1d1oaa1  DUpla~nt  DY72  359.0 ,
U  h Zoaal  Diap~t  DU2  -SO.5  -47.'  -45.1  -45.1  -45.1  -45.1  63.5
24 h Zonal 01sp1ac_t  DX24  ---85.6  -79.8  -79.8  -19.8  -79.8  -
36 h Zonal D1aplac_t  0X36  ---103.5  -103.5  -103.5  -103.5  -
48 h Zonal Diaplac_t  DX48  117.5  -117.5  -117.5  -
60 h Zonal D1ap1ac_nt  DX60  124.9  -124.'  -
n  h Zonal Diaplac_t  oxn  129.5  -
-.-~-r  of  c.aea  .3246  2940  2638  2638  2638  2638through  35  are  defined  as  the  products  and  cross-products  of  the  basic  pre-
dictors.  Predictands  are  zonal  and  meridional  displacements  in  nautical
miles,  either  computed  from  the  best-track  positions  or  by  linear  extrapo-lation.
I  Following  past  experience  with  such  models  (Neumann  and  Randrianarison
l_t976),  it  was  elected  to  fit  least-squares  polynomials  to  all  the  predic-
tors,  rather  than  using  only  selected  predictors  obtained  through  a  step-
\vise  screening  method.  The  37  normal  equations  for  the  36 predictor  co-
efficients  and  the  intercept  for  each  forecast  equation  were  solved  using
the  stepwise  screening  program  available  at  NBC,  with  the  minimum  acceptable
~eduction  of  variance  set  at  zero.  The  values  of  the  coefficients  for  the
l2  prediction  equations  based  on  the  ENH developmental  data  set  are  given
~n the  Appendix.
Tables  5  and  6  show  the  reduction  of  variance  contributed  by  specific
predictors  and  the  total  reduction  of  variance  of  each  regression  equation.
Only  those  predictors  contributing  at  least  0.5  percent  or  more  are  listed,
Jlthough  all  predictors  are  included  in  the  forecast  equations.  Most  of  the
iariance  is,  quite  reasonablYt  explained  by  a  term  involving  initial  motion
(P4  or  P5)  although,  unlike  all  other  CLIPER-class  models  inspected,  a  non-
Linear  term  provides  the  highest  reduction  of  variance  at  the  48,  60  and  72  h
,~ri~ional  displacements.  Also  note  that  the  linear  term  failed  to  contri-
;)ute-significantly  at  these  times  because  of  a  high  correlation  between  P4
and  'P4xP3.
4.
PERFORMANCE CHARACTERISTICS
Preliminary  testing  of  the  models  based  on  each  of  the  three  data  sets:Jas 
begun  by  verifying  against  the  NHOM  developmental  data  set.  Perform-
ance  characteristics  for  the  full  basin  CLIPER  (Neumann 1972),  HOM  CLIPER-;ULF, 
NHOM  CLIPER-GULF  and  ENH CLIPER-GULF  are  shown  in  Table  7.  The
-;lissipation  bias  associated  with  system  development  also  occurs  in  the
verification  data  and,  thus,  must  be  taken  into  account  when  evaluating
Table  4.  The  basic  and  supplementary  predictors  for  CLIPER-GULF,  the
symbols  representing  them  in  this  paper  and  their  units.
UNITS
PI
P2
P3
degrees  North
degrees  West
P4
P5
knots
knots
P6 knots
P7
P36
knots
knots
Day  Number  (January  1.  =  1.)
Initia1.  Latitude
Initial  Longitude
Current  Instantaneous  Meridional
Speed
Current  Instantaneous  Zonal  Speed
Instantaneous  Meridional  Speed  12
Hours  Ago
Instantaneous  Zonal  Speed  12  Hours
Ago
Maximum  Sustained  Wind
-9-Table  5.  Percent  reduction  of  variance  contributed  by  specific
to  the  CLIPER-GULF  meridional  displacement  equations  for  the  ENH data
The  predictors  listed  contributed  0.5  percent  or  more.  Tqtals  in
theses  are  the  percentages  of  the  total  variance  reduced  at  each
time  by  the  final  forecast  equations  which  include  all  36 predictors.
PREDICTOR
V
V-12
VxD
VxX
UxY
UxX
UxV
V-12xX
V-12XU
V-12XV-12
U-12XU-12
12  h
89.6
1.0
SYMBOL
P4
P6
P4xPl
P4xP3
P5xP2
P5xP3
PSxP4
P6xP3
P6xPS
24  h
76.3
1.1
36  h
63.7
1.3
48 h 60 h
0.5
53.9
1.6
0.6
47.6
1.9
2.
0.7
0.8
1.2
0.6
1.2 0.5
1.0
140.5'
,,~~
;~J ~
0.9:t ~ ""~
P6xP6 1.0
P7xP7 0.5 0.5 Ji' ! ,c48:J~.,~,
90.6 COLUMN TOTALS 78.9 66.2 58.3 53.1
TOTAL FOR ALL
PREDICTORS
c,
(51.7) (91.3) (79.5) (68.9) (60.3) (54.7)
Table  6.  Same as  Table  5 except  for  zonal  displacement  prediction
for  CLIPER-GULF.
12  h SYMBOL 24 h 36  h 48  h 60  h 72 h
1.7
48.5
PI
P5
P7
PIxPI
PIxP2
P2xP2
P4xP2
P4xP3
P4xP4
P5xP4
P7xPI
P7xP2
P7xP4
P36
1.4
70.2
1.8
60.4
2.5
53.1 91.9
1.0
81.4
0.8 0.5
0.6 0.7
1.2 1.7
6.1 4.3
0.5
5.3
0.5
0.8
PREDICTOR
D
U
U-12
DxD
DxY
YxY
VxY
VxX
VxV
UxV
U-12xD
U-12xY
U-12xV
W
0.5
1.4
0.8
1.5 1.4
0.5
0.7
1.6 3.0
0.5
83.8 COLUMN TOTALS 92.9 76.8 70.1
TOTAL  FOR  ALL
PREDICTORS
(63.4) (93.6)
(86.2) (79.0) (72.1) (66.9)
-10-As  discussed  earlier,  NHOM.  CLIPER-GULF  has  the  best  verification
~ average  forecast  error),  with  HOM, ENH and  CLIPER  having  progres-
greater  average  errors.  ENH and  NHOM  are,  of  course,  identical  at
24  and  36  h.  NHOM  also  possesses  the  lowest  standard  deviation  of  fore-: 
error.  Biases  are  somewhat  differently  distributed  than  was  expected,
CLIPER  actually  showing  a  southward  bias  at  60  and  72 h.  NHOM  shows
expected  near-zero  biases,  as  the  verification  sample  is  identical  to
NHOM  developmental  data.  The  southwest  bias  of  ENH forecasts  results
the  dissipation  of  some  of  the  westward-moving  tropical  cyclones  in
verification  sample.
The  four  equation  sets  were  also  verified  against  a  la-storm,  randomly
~,  independent  data  set  with  results  shown  in  Table  8.  Mean  forecast
are  higher  than  for  the  developmental  data  beyond  24 h,  but  the  four
can  still  be  ranked  in  the  same order  (NHOM, HOM,  ENH and  CLIPER)
the  basis  of  mean  forecast  error.  The  full  basin  CLIPER  here  reveals  a
I. bias  to  the  northeast,  and  all  but  ENH have  a  bias  to  the  north.
observed  in  developmental  data  testing,  ENH again  shows  a  bias  to  the
at  long  forecast  periods.
Because  of  the  reliance  of  these  models  on  persistence  for  most  of  their
: reduction,  use  of  operational  data  rather  than  best-track  or  post-
data  inevitably  degrades  system  performance.  Operational  input
CLIPER  has  been  archived  since  the  beginning  of  the  1972  season,  and
'Nas used  to  verify  the  four  equation  sets.  The  forecast  errors  are  computed
Table  7.  Comparative  performance  of  full  basin  CLIPER and  HOM,  NHOM
and  ENH CLIPER-GULF  on  dependent  data.  All  distances  are  given  in
nmi,  with  north  and  east  considered  positive.
~
IIORTHWARD BIAS
Full  HOt!  !IIIOII  EIIH
1  0  0  0
4  2  0  0
4  3  1  1
3  3  1-2
1  2  2-4
-12  1  1-6
EASTIIARD  BIAS
Full  -NH~  Ell!!
1  3  0  0
STANDARD  DEVIATION
Full  HCIi  NHCIi  !NH ~~
12  3246
24  2940
36  2638
48  2337
60  2048
72  1797
~
Same as  Table  7  except  for  a  la-storm  independent  data  sample. Table  8.
STANDARD  DEVIATION
Full  9OK  ~  EHH
14  15  15  15
42  41  46  46
90  80  91  91
128  116  123  131
174  157  163  180
209  192  192  234
NORTHWARD  BIAS
Full  B<M  NHOH  ENH
4  3  0  0
!!!!!.~
12
24
36
48
60
72
130
116
103
88
75
64
EASTWARD  BlAS
full  R!»I  HH!»I  lHH
-11-
5  10  0  0
6  14  -1  -1
3  15  0-7
-7  10  0-21
-23  1  1  -43
15
43
77
112
146
178
ENH
11
53
99
151
208
264
18
38
62
76
79
EIIH
18
56
117
180
263
349
2
a
14
31
54
11
15
42
75
106
135
163
is
41
73
104
134
163
IS
41
73
106
140
175
17
34
52
55
40
7
21
36
46
40
7
21
29
23
1
J
9
11
20
18
14
-1
-8
-16
-7
1
14
-2
-8
-16
-24
-49
-80..,
Table  9.  Same as  Table  7 except  for  operational  data,  1972-1979.
-
TIKI  CASU  DAM EUO.  STAXDAID  DEVUTI.-  ~  llAI  USTIIAaD  IUS
--Full  ---IHB  Full  -lID!  IHB  Full  -lID!  IHB  Full  -lID!  DB
12  175  41  46  47  47  30  29  JO  JO  -1  -2  -3  -3  -2  -2  -6  -6
24  163  101  96  99  99  60  59  61  61  1  -2  -7  -7  2  0  -13  -13
36  144  156  147  153  153  90  89  93  93  8  2  -7  -7  5  -2  -25  -25:..
48  126  226  211  215  222  124  123  126  130  20  11  4  -5  14  -4  -29  -41
72  96  370  331  331  365  188  205  205  228  66  43  43  12  28  -11  -21  .103
by  preparing  forecasts  from  the  operational  data,  and  then  vector~a.lly  re-  ~
moving  the  initial  positioning  error.  The  result  is  a  forecast  displacement
error  rather  than  a  forecast  position  error.  Forecast  displacement  error
is  the  standard  measure  of  the  accuracy  of  a  tropical  cyclone  motion  fore-
cast  used  at  NHC (Neumann  and  Pelissier  1980).  These  displacement  errors  are
listed  in  Table  9.
As  these  comparative  tests  showed  no  serious  reduction  of  accuracy  by  the
track  extrapolation  technique,  even  at  long  range,  and  showed  a  reduction  of  i
the  northward  bias  by  the  ENH equations,  they  were  adopted  as  the  forecast)
equations  for  the  operational  CLIPER-GULF.  The  average  errors  of  the  ENH
equations  on  developmental  data  and  two  sets  of  operational  data  are  depic-
ted  graphically  in  Figure  ,.5.  The  second  operational  data  curve,  that  for
1.0
30
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MEAN  FORECAST  ERRORS  1
;
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6  =  operational  data  ~
0  =  operational  data,  ~
wind  65  kt  or  more  Figure  5.  Mean  fore-  :1
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tropical  cyclones  of  hurricane  strength  (~inds  grepter  than  64  kt)~  illus-
trates  the  improvement  of  accuracy  associated  with  the  better  position  and
motion  estimates  available  for  these  more  organized  tropical  cyclones.  A
comparison  of  the  biases  of  CLIPER  and  CLIPER-GULF  on  operational  data  is
shown  in  Figure  6.  The  westward  bias  of  CLIPER-GULF  is  due~  in  part~  to  the
fact  that  forecasts  of  westward~moving  cyclones~  on  which  CLIPER-GULF  is
designed  to  perform  well.  are  often  not  verified  because  of  cyclone  dissipa-
tions.
5.  OPERATIONAL CONFIGURATION
ENH CLIPER-GULF  has  been  incorporated  into  the  NHC operational  statistical
I  guidance  package  as  a  subroutine  accessed  by  the  CLIPER model.  CLIPER  fore-
f  casts  which  serve  as  input  to  other  models  and  are  given  directly  to  the
forecaster  now  consist  of  a  weighted  average  of  CLIPER  and  CLIPER-GULF.  The
weighting  function  is  described  in  Figure  7.  CLIPER-GULF  will  be  activated
whenever  a  cyclone  is  positioned  to  the  west  of  the  0.00  line;  both  individ-  '\
ual  and  composite  forecasts  will  then  be  included  in  a  supplementary  com-  \
..~c  puter  message.
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::~ Figure  6.  Comparison  of  forecast  biases  for  the  full  basin  CLIPER  (squares)
:,~:  and  the  operational  CLIPER-GULF  (circles)  for  operational  data,  1972-1979.
:~i  The  outer  circle  is  100  nmi.
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Figure  7.  Weighting  function  for  composite  CLIPER forecast.  The  numbered
contours  give  the  weight  assigned  to  the  CLIPER-GULF  system  for  a  tropical
cyclone  located  at  that  point.
Figures  8-11  illustrate  some  of  the  characteristics  of  the  CLIPER-GULF
system.  Figure  8  depicts  the  forecast  tracks  resulting  as  day  number  is
allowed  to  vary  and  other  predictors  are  held  constant.  The  maximum  west-
ward  motion  is  to  be  expected  in  July  and  August,  and  the  track  shifts
eastward  in  late  season,  reflecting  the  increased  dominance  of  the  mid-
latitude  westerlies  at  lower  latitudes.  Figure  9  shows  the  effect  of  an
increase  in  wind  from  45  to  120  kt-~the  stronger  cyclone  is  forecast  to  move
slightly  faster.  Also  shown  is  a  forecast  for  a  stationary  cyclone  with  65  kt
-14-
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Figure  8.  Effect  of  variation  of  date  on  CLIPER-GULF  forecast  tracks.
Tracks  were  run  for  the  15th  day  of  the  indicated  month.
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Figure  9.  Effect  of  a  variation  in  wind  speed  on  CLIPER-GULF  forecast
tracks.  Forecasts  were  run  for  the  August  cyclone  in  Figure  8  with
winds  of  45  and  120  kt.  Also  shown  is  the  forecast  track  for  a  sta-
tionary  cyclone  with  65  kt  winds  on  September  1.
::  -15-"'.,",'  .."  "?J""  ",.
I'  winds  on  September  1,  Figure  10  shows  two  forecast  examples  using  opera-
tional  data  from  the  1975  season.  Hurricane  Caroline~  moving  west-
northwestward  at  nearly  constant  speed~  was  handled  wel11  while  tbe  accel-
erating  motion  of  Hurricane  Eloise  resulted  in  a  72  h  forecast  error  of
over  1000  nmi.  Systems  such  as  CLIPER-GULF  which  rely  only  on  persistence
and  climatology  fail  in  situations  of  anomalous  or  rapidly  changing  synop-
tic  conditions.  The  reduction  of  northward  bias  and  the  improved  perform-
ance  of  CLIPER-GULF  versus  CLIPER  for  westward-moving  cyclones  are  shown
by  the  comparison  forecasts  for  Hurricane  Anita  of  1977  (Figure  11).
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Figure  10.  Two  forecasts  using  CLIPER-GULF  based  on  operational  data
from  the  1975  season.  Hurricane  Caroline  (west  Gulf)  was  well  forecast,
while  Hurricane  Eloise  (central  Gulf)  was  handled  poorly.;
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6.  SUMMARY
This  paper  has  described  the  development  of  a  statistical  (climatology  and  , t  persistence)  tropical  cyclone  motion  prediction  method  for  use  in  the  western  I
~  Gu1f.of  Mexico  and  northwe~t  C~ribbean  Sea.  The  original  objective  was  elim-
:f!  inat10n  of  the  northward  b1as  1n  the  present  CLIPER  system  over  the  region,
i f but~  .during  the  course  of  this  study,  the  importance  of  cyclone  dissipations
c with1n  the  developmental  data  became  apparent  and  methodology  was  developed
i;  to  "tune"  the  model  to  obtain  the  best  performance  by  using  different
~, developmental  data  sets.  The  resulting  equation  set,  based  on  linearly
t  extrapolated  non-homogeneous  tracks,  is  the  first  statistical  cyclone  motion
;J prediction  scheme  in  which  the  developmental  data  were  artificially  modified
f  in  an  effort  to  correct  for  biases  introduced  by  cyclone  dissipation.  The
'., ~  CLIPER-GULF  system  will  be  operationally  tested  at  NHC and  it  is  hoped  that
i  similar  approaches  will  be  applied  to  other  basins  and  additional  documenta-
~c  tion  of  and  experience  with  this  technique  obtained.
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Figure  11.  Comparison  of  full  basin  CLIPER and  operational  CLIPER-GULF
forecast  tracks  based  on  operational  data  fo.r  Hurricane  Anita,  1977.  i
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APPENDIX  I.  TABLES OF COEfF!C!ENTS  FOR PREDICTION EQUATIONS
The  coefficients  for  the  meridional  and zonal  displacement  prediction
equations.  respectively,  are  listed  on  the  following  two  pages,  The pre-
'dictors  and  their  units  are  specified  in  Table  4 of  the  text  (p.  9).  The
""predictands  are  meridional  and  zonal  displacements  in  nautical  miles,  with
north  and  east  considered  positive.
The  prediction  equations  are  of  the  form:
36
D = I  +  E  C.p.,
].  ].
i=l
where  Ci  is  the  coefficient  associated  with  predictor  Pi  and I  is  the  inter-
cept  for  a  given  displacement  D.
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